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-September 1991, an "in-house" operational evaluation of this product was performed (NWOC, 1991) . Although results for this trial period were favorable, an independent validation and verification of the HRD is required before the product can be approved for full operational status and Fleet-wide dissemination. This NOARL Technical Note presents the results of such an evaluation.
The verification of the NWOC HRD product is by direct comparison with shipboard upper air observations. The data used for this validation include that previously analyzed by NWOC as well as additional data from the October 1991 -March 1992 time period. Various statistical indices are computed in order to assess the forecast capabilities of the HRD product. In particular, a determination is madc as to how well the HRD product is able to assess and fo.recast the most important anomalous propagation phenomenon to impact naval operations -Jucting. In order to assess the degree of skill and usefulness of the HRD product, direct comparisons are mad etween the HRD and a readily available electromagnetic (EM) propagation conditions clim,,ology. Apart from the detailed statistical analysis, this report briefly addresses several other issues, including the scientific accuracy of the HRD forecasting thumbrules and the product's suitability for other ocean basins (i.e., besides the North Pacific).
HRD DESCRIPTION
The following description of the NWOC Horizontal Refractivity Depiction chart, and the procedures used in its production, is based on detailed information provided by NWOC (1991) .
In general, NWOC operational procedures for refractivity assessment an.'J forecasting are based on techniques developed at PMTC (Helvey and Rosenthal, 1983; Rosenthal et al., 1985) . The manually produced HRD includes both an analysis and a 36 hr prognosis which display areas of normal, superrefractive and trapping conditions for the North Pacific (10'N to 50 0 N, 150 0 E to the western coast of North America), from the surface to 10,000 feet. It is intended as a tactical aid in the planning and conducting of Fleet operations which are sensitive to EM wave propagation conditions in the lower atmosphere. During the period covered by this study, NWOC produced the HRD chart twice daily (at OOZ and 12Z); for evaluation purposes, the 36 hr prognosis was considered to be valid from 25 to 36 hours after the initial (i.e., analysis) time.
A sample HRD chart is shown as Figure 1 .
Given the immense area of responsibility, the primary tool for the development of the HRD chart is satellite imagery. Visible and, to a lesser extent, infrared (IR) satellite imagery permit large-scale cloud patterns to be defined in terms of location, type and appearance_ (smooth, granular or cellular). In conjunction with thumbrules, which associate certain cloud patterns with specific refractive structures, visible and IR sateilite data provide the analyst good open ocean estimates of duct probability and strength. If available, the HRD analyst can use the IRduct technique (Lyons, 1985) to assess the duct topography over regional areas overlaid with stratiform clouds. The likelihood of ducting may also be inferred using water vapor satellite imagery, with very dark regions indicating possible ducts.
If satellite data are not available, synoptic information and observations are used as the primary input for the HRD. From synoptic surface and upper air analyses, the HRD analyst first locates frontal zones, cyclones and anticyclones, and areas of warm-air advection, Also available to NWOC meteorological office personnel during production of the HRD chart are numerical products issued by the Fleet Numerical Ocea'nography Center (FNOC). The "REFRACP" product provides refractive conditions (and M-gradients) at specified locations for six pressure levels (surface to 500 mb); these NOGAPS (Navy Operational Global Atmospheric Prediction System) extracted data are available to NWOC as short range forecasts in either tabular or graphical form. For a few select locations, high resolution vertical refractivity profiles (40 levels below -600 mb) from the NABL (Navy Atmospheric Boundary Layer) forecast model are also available. Procedural guidelines for the HRD product indicate that the REFRACP and NABL products may be used for rough estimates and end product evaluation, but not as primary data sources. During the "in-house" evaluation of the HRD, the NABL model was found to be conservative in most cases, forecasting (at most) superrefractive when elevated ducting was observed (NWOC, 1991) . As a last resort, in the event that no satellite or synoptic data are available, and the previous HRD forecast is no longer valid, NWOC guidelines call for the use of an EM propagation conditions climatology to estimate large-scale refractive structures, in particular, duct heights.
After the completion of the HRD analysis, the NWOC personnel use the synoptic situation depicted in the 36 hr prognosis blend to develop a refractive forecast. Synoptic thumbrules are used to forecast refractive condition changes. NWOC HRD production guidelines stress that continuity be maintained between the analysis and the 36 hr forecast; this is done by careful blending of expected movements and intensity changes of analyzed refractivity features.
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VERIFICATION
A verification of a set of forecasts needs to determine the accuracy of the forecasts, the skill in forecasting and the operational value to the user. While accuracy and forecast skill can be evaluated statistically, the operational value of forecasts is much more difficult (if not impossible) to determine since it requires a knowledge of user strategy. For that reason, it is most often desirable to express verification results in some arbitrary quantitative manner so that the user of the forecast can then interpret the information in terms of his specific operations.
Data
The validation of the NWOC Horizontal Refractivity Depiction product is based on comparisons of the HRD analyses and 36 hour prognoses to shipboard radiosonde reports and to an electromagnetic propagation conditions climatological database available within the Tactical
Environmental Support System (TESS). In effect, the validation with radiosondes is both a continuation and expansion of the original 6 month operational evaluation performed by NWOC (1991). On the other hand, the comparison of the HRD product against climatology is a completely new evaluation effort.
Radiosonde
During the period April 1991 -March 1992. the NWOC routinely received hundreds of upper air observations from ships within its operational area. When received, these radiosonde reports were processed into surface to 10,000 ft refractivity profiles suitable for comparison with the HRD product. Depending on the actual structure of the lower atmosphere, such refractivity profiles could indicate ducting, as well as superrefractive, standard and subrefractive propagation conditions.
Individual radiosonde reports may be classified according to their most significant propagation condition. For a sounding with both a duct and a superrefractive layer, the duct is considered more critical. A superrefractive layer is considered the most critical aspect of an otherwise standard refractive structure. Any sounding devoid of either a duct or superrefractive layer is classified as standard. Figure 2 gives the monthly number of radiosonde reports (from April 1991 to March 1992) for various refractive categories. Significant fluctuations are noted in the monthly number of soundings with ducts and standard conditions. With the exception of one month, the number of radiosondes with ducts is greater than those classified as standard. Of the total 373 radiosondes used in this technical note, almost exactly two-thirds had ducts. In general, the number of soundings with multiple ducts and surface ducts, and the number classified as superrefractive, are all relatively small. The monthly number of surface ducts is noticeably higher during the winter period (October-March). On the contrary, soundings with multiple ducts and superrefractive conditions are seen to occur almost exclusively during the summer period (April-September). This peculiar distribution of multiple duct and superrefractive occurrences is believed not due to any real seasonal variability in frequency of occurrence, but rather to differences in NWOC data processing and reporting procedures between the first and second 6 month data periods.
In addition to refractive categories, radiosonde reports are grouped according to their time and location of occurrence. Day and night classifications were based on graphical time zone and sunrise/sunset information provided by Rudloff (1981) . Observations located eastward of a line For this study, tabula, radiosonde refractivity data , along vith the corresponding HRD analysis and prognosis data, were provided to NRL Monterey by NWOC meteorological office personnel. Since the initial 6 month tabular data set was quite incomplete, the April through September radiosonde and HRD data were instead taken from bar graphs in NWOC (1991).
However, even after this data extraction, the total number of radiosonde reports (212) percentages (see Figure 4) . Additionally, the average thickness of the surface-based duct and the average top and thickness of the elevated duct are given. Note that the HEPC climatology deals almost exclusively with enhanced propagation conditions; if so desired, percent occurrence of standard atmospheric conditions could be deduced from the available information. The HEPC climatology consists of data for the preceding month, the selected month, the following month and the average of the 3 months. Further information on the HEPC database is provided by Patterson (1987 24 o 28 5Ae-ers Figure 4. Sample HEPC Function output (from Patterson, 1987) .
Given a selected location, the HEPC Function selects the nearest radiosonde station in its database as the climatology for that site. Figure 5 depicts the location of all (28) In its present form, the HEPC climatology has some inherent problems. As previously stated, the climatology assigned to a ship observation is that determined from the HEPC database site closest to the ship location. Over data sparse regions (e.g., the central North Pacific above The HEPC climatological data may also be incomplete. In this study, the HEPC climatology for Tatoosh Island, WA (a site now nonexistent) was assigned to• 22 ship observations off the northwestern U.S. coast. Unfortunately, this site has no useful surface and elevated duct data for most months of the year; as a result, only a few of these ship radiosonde reports could be used in the HRD comparison against climatology. Other HEPC database sites which provided inadequate (i.e., incomplete) data to this study are Seattle, WA, Los Angeles, CA, Isla de Socorro, MEX and Canton Island, Tokelau Islands. 
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Except for a few fixed-location ship stations, the HEPC climatology is determined from island and coastal sites. During certain times of the year, common near-surface refractive features at some land sites may not be truly representative of conditions found over nearby waters. This problem is likely more severe at high elevation coastal sites such as San Diego, San Nicholas Island and Vandenberg AFB, CA, and Seattle, WA, all at elevations above 300
feet. The adverse effect of elevation on HEPC climatological data is most apparent at San Nicholas Island which, at 502 ft msl, is the highest site used in this study. Here, during the months of July and August, the climatological average top of the surface-based duct (the station elevation plus the average surface-based duct thickness) is actually higher than the base of the average elevated duct. Additionally, the percent occurrence of surface-based ducts is greater than that for elevated ducts. Such climatological information might be quite misleading or confusing for a nearby ship located well below the radiosonde site of San Nicholas Island.
The ready availability of the HEPC climatology makes it a convenient database to utilize in the evaluation of a HRD product. As will be seen later, in spite of some serious shortcomings, it can be considered a valuable aid in the operational assessment of lower a.mospheric refractive structure.
Techniques
The verification methods employed in this study include, and expand upon, those utilized by NWOC in their 6 month operational assessment of HRD capabilities in forecastin• the occurrence and height of ducting. Statistical indices and skill score discriminants tsed in the evaluation of categorical forecast of discrete events such as ducting vs. no ducting are derived from two by two contingency tables, a prototype of which follows.
of "type 1" events which are correctly forecast B = no. of "type 1" events which are incorrectly forecast C = no. of "type 0" events which are incorrectly forecast D = no. of "type 0" events which are correctly forecast A+B = no. of "type 1" events which actually occur C+D = no. of "type 0" events which actually occur A+C = no. of "type 1" events which are forecast to occur B+D = no. of "type 0" events which are forecast to occur A+B+C+D=N = no. of total events
For verification purposes, "type 1" and "type 0" events are classified as "ducting" and "no ducting," respectively. Unless otherwise indicated, category "A" correct forecasts of ducting are not type (surface-based or elevated) specific. From this table, several statistical indices, the prefigurance (PF), the postagreement (PA), the percent correct (PC) and the false alarm rate (f), are defined for "type 1" events as:
The prefigurance, also known as the hit rate (h) or the Power of Detection (POD), is the capability of correctly forecasting an event (viz., ducting), while the postagreement is the reliability of the forecasts that were issued. Note that the false alarm rate as defined in (4) incorporates the correct forecast of non-"type 1" occurrences; this index can be looked upon as the probability that a "type 0" event will be incorrectly forecast. Woodcock (1976) reviewed different skill score discriminants (used in the literature) and found that the Hanssen and Kuipers (1965) discriminant V provides an acceptable and unbiased measure of forecast accuracy for scientific purposes. The Hanssen and Kuipers discriminant has two propitious qualities not found jointly in other scores. First, V does not depend on the sample relative frequency of the predictand; that is, it is not biased wherein the occurrence of "type 1" events is not equal to the occurrence of "type 0" events. Second, any isopleth of the Hanssen and Kuipers skill score in fh space has a slope which is unity; in some other skill scores, it is possible for forecasts with h > f to score the same as forecasts with f > h.
Unfortunately though, as with other scores, V can be quite sensitive to the sample size, with considerable fluctuations possible with slight partition changes of an event of small sample size.
However, in this study, sample sizes are sufficiently large so as to minimize this undesirable characteristic.
The Hanssen and Kuipers skill score in contingency table elements is defined:
The score ranges from -1 to 1; -1 implies perfectly wrong forecasts, 0, random performance (h=f), and 1, perfect skill. As formulated, this skill score gives forecast successes and failures equal weight. In general, the greater the positive score, the greater the likelihood for high hit rates to be associated with low false alarm rates. While this quality is a widely accepted feature of good forecast skill for scientific purposes, it may indeed be inappropriate for an operational or economic evaluation in which forecast successes and failures are not weighed equally.
Hanssen and Kuipers derived the variance of V as
V
4N(A + B)(C + D)
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The standard deviation of V, o,, is computed in order to access whether or not differences between predictors (the HRD analysis, the HRD prognosis and climatology) are statistically significant. Given values of V for two predictors n and m, the difference between them will be considered to be statistically significant provided the skill score difference is greater than the standard deviation in the difference times a confidence factor F. Here, the assumption is made that V. and V., are samples drawn from a large underlying population whose distribution can be characterized as normal. In mathematical notation, this test for significance is jV*-v=I, o. +ov.r*F.
The factor F is determined from the normal probability function, and varies from 1.96 for a 95% confidence level to 2.576 for the 0.99 level of significance.
The probabilistic information available with the HEPC climatology permits a sequence of verification matrices (contingency tables) to be generated by stepping a decision or threshold probability p* through a range of values used in the forecasts. Individual climatological forecasts of ducting/no ducting would be based on the decision "cut-off' probability. For example, if p* was set at 50% and the climatological probability of ducting, as given by the percent occurrence, was greater (less) than 50%, then ducting would (would not) be forecast. A low decision threshold represents a bias toward forecasting occurrence and based on slight evidence; in this case, both the hit rate and the false alarm rate will be high. As the forecaster's decision threshold increases so that progressively stronger evidence is required for a positive forecast, both hit rate and false alarm rates decrease. For a given data set, optimum threshold probaHl-ties may be found which maximize statistical indices or skill scores.
For this study, HEPC summary data are used for two distinct climatic predictors, hereafter designated CLIMI and CLIM2. Given the forecast time (day or night), the predictor CLIM1 selects the larger of, the percent occurrence of surface-based ducts and the percent occurrence of elevated ducts, as its climatological probability. This value is then compared to the chosen threshold probability; if it is greater (less) than p*, ducting (no ducting) is forecast. For verification, a CLIM1 forecast of ducting is considered a hit (i.e., verifies) even if the observed duct is not the same type (surface-based or elevated) as that on which the CLIM1 predictor is based. In reality, such an occurrence is not common; within this study's data set, the duct type which determines CLIMI matches that of the observed duct for the great majority of cases. The CLIM1 predictor will be evaluated for threshold probabilities of 30% to 50%, at intervals of 5%.
The CLIM2 predictor uses HEPC summary information corresponding to the day/night category. Its climatological probability is calculated as the sum of the occurrence of surface-based ducts (SD) plus the occurrence of elevated ducts (ED), minus the occurrence of (SD + ED) ducts. This formulation takes into account the fact that (SD + ED) ducts are reported in the HEPC climatology as both SD and ED occurrences. As an example of a CLIM2 calculation, consider Figure 4 ; here, the climatological probability for February is 16% + 45% -3%, or 58%. Again, analogous to CLIMI, the calculated CLIM2 value is compared to the selected forecast threshold probability and, if is greater (less) than that value, ducting (no ducting)
is forecast. The CLIM2 predictor, which essentially gives the climatological probability for any (type) ducting, will be evaluated for threshold probabilities from 50% to 80%, at intervals of 5%.
The verification of duct height is by means of comparison between observed duct height and thickness data and analogous data from HRD analyses and 36 hr prognoses, and HEPC climatology. Here, only duct observed/duct forecast data are used for verification. Three different duct height verification rates are utilized; one of these, based on the bell curve of Figure   6 , was used by NWOC in their 6 month (April-September) evaluation. This particular verification rate gives 100% credit if the forecast duct height is within 1000 ft of the observed, 50% credit for a forecast within 2000 ft and no credit if off by 3000 ft or more. A second duct height verification rate determines the percentage of forecast ducts within 1000 ft of the observed.
The final rate, the most rigorous of the three, gives the percentage of duct height predictions which overlap the observed. For observations with more than one duct, the duct closest to the predicted duct is used for verification. In the case of the HEPC climatology, which always gives two ducts -surface-based and elevated, the duct chosen for verification is that (type) which is dominant (i.e., most frequent). Such a determination is made by a comparison of the percent occurrences for surface-based and elevated ducts in the day/night column of the monthly summary. Provided that the percent occurrences are equal, both ducts are considered, and the one closest to the observed is used for validation. Since average duct top and thickness information is only available in the HEPC climatology as monthly (day/night) averages, only CLIM2 predictions of duct height are evaluated, for threshold probabilities of 50% to 80%, at 5% intervals.
Results
In its operational environment, the NWOC HRD is subject to a wide variety of factors and circumstances which bear directly on its final production. While the relative importance of some of these factors (such as forecast location, season and time of day) may be explored statistically, other important factors, such as individual forecaster skill and day-to-day production procedures, are virtually impossible to quantify. Verification statistics based on a large sample of independent HRD products should be viewed in the context of "average" expected product accuracy and skill in an operational environment.
Duct Occurrence
Before evaluating the results for the full data set and its seasonal, geographical and temporal subsets, verification statistics for the HRD analysis and 36 hr prognosis computed on a monthly basis are presented (Figures 7a and 7b , respectively). The most salient result portrayed in this figure is the high degree of month-to-month similarity between the HRD anal, -is and the 36 hr prognosis verification statistics over the entire 12 month period. This desirable result strongly suggests that NWOC meteorological office personnel strictly adhered to one of the key points emphasized in the NWOC procedural guidelines for production of the HRD charts -the maintenance of continuity between the forecast and the analysis.
In general, since some monthly data samples are not sufficiently large or truly representative of the full (12 month) observational data set, sound statistical inferences can not be fairly drawn from month-to-month differences of individual performance indices depicted in The two climatology predictors (CLIM1 and CLIM2) show marked variability, as a function of threshold probability, in three out of the four statistical indices depicted in Figure 8 .
The one exception is the postagreement index, which varies little over the given ranges for p*.
As expected, large (small) hit and false alarm rates correspond to low (high) decision thresholds.
Comparisons of CLIMI and CLIM2 performance statistics for the full data set do not indicate any clear preference of one over the other as a predictor. In terms of the Hanssen and Kuipers discriminant, optimum forecast skill is not found at p* = 50% (i.e., simple probability); rather, the largest skill scores (V = 0.12 for both predictors) are found at p' = 30% for CLIMI and p* = 60% for CLIM2.
A visual examination of Figures 8a-d indicates that, at any selected threshold probability p*, no more than two of the four CLIMI or CLIM2 statistical indices are better than the analogous HRD 36 hr prognosis values. At lower threshold probabilities (30 -40% for CLIMI, 50 -60% for CLIM2), climatology predictors have larger hit rates and comparable percent correct values to the HRD prognosis; additionally, the forecast reliability (the PA index) is not significantly lower than that for the HRD product. On the other hand, the false alarm rates for both CLIMI and CLIM2 at these same threshold probabilities are much larger (by about twice) differences between the HRD analysis and 36 hr prognosis skill scores (V = 0.31 and 0.28, respectively) and those for the climatic predictors at their "optimum" (both V = 0.12) threshold probabilities (30% for CLIM1, 60% for CLIM2) indicate that such differences are significant at the 95 % confidence level, but not at the 99 % confidence level.
In order to investigate any seasonality in HRD product performance, the full data set was divided into two 6 month periods. The first period (summer -April to September) corresponds to that evaluated by NWOC ( In general, the prefigurance and percent correct indices for both CLIMI and CLIM2 are higher in the summer period than during winter; the only exception to this is the percent correct index at the lowest threshold probability (30% for CLIMI, 50% for CLIM2). On the other 
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(at p* = 30%), the largest for the summer is only 0.07 (at p* = 35% and 40%). CLIM2 skill scores for the winter period are better than those for summer at lower threshold probabilities (p* !5 65%) and slightly worst at higher probabilities (p* 2! 70%) . Winter CLIM2 skill scores are betwý,en V = 0.17 and V = 0.20 for threshold probabilities of 50% to 60%. For the summer data set, V is largest (0.15) for CLIM2 at p* = 70%; at this threshold probability, the false alarm rate is about the same as that for the HRD product.
For the April -September period, differences in skill scores between the CLIMI predictor (at all threshold probabilities) and the HRD analysis and prognosis are significant at the 95% confidence level. Differences in skill scores between the CLIM2 predictor and the HRD product for the same period are significant at the 95% confidence level at all threshold probabilities except p" = 70% and p* = 60% (HRD prognosis only). On the other hand, skill score differences for the October -March period are not significant between CLIM1 and the HRD product nor between CLIM2 and the HRD analysis, and are only significant (at the 0.95 level of confidence) between the HRD 36 hr prognosis and CLIM2 for a CLIM2 threshold probability of 80%. With respect to the climatology predictors, the most noteworthy statistic of Figure 10 is the postagreement; analogous to the HRD product, forecast reliabilities based on climatology are observed to be noticeably higher for the eastern Pacific region than for the central Pacific. At all threshold probabilities, CLIM I hit and false alarm rates are higher for the CPAC region than for the EPAC region. Except at the lowest threshold probability (p* = 30%), CLIM1 skill scores are slightly higher for the eastern Pacific. While CLIM2 skill scores for the EPAC region are rather consistent (V = 0.08 to 0.13) over the range p* = 50% to p" = 80%, CLIM2 scores for the central Pacific vary considerably, ft. m V = 0.17 at p* = 55% and 60%, to V !s 0.0 (i.e., no skill) at p* 2t 75%.
In general, skill score differences between the HRD product and climatology (both CLIM1 and CLIM2) are not significant for the eastern Pacific data set; the only exception to this is the difference between CLIM2 (at p* = 70%) and the HRD 36 hr prognosis, which is significant at the 95% confidence level. For the central Pacific, differences between the HRD 36 hr prognosis and either CLIM1 or CLIM2 are not significant at any of the selected threshold probabilities. On the other hand, significant differences in skill scores (at the 0.95 level of confidence) are found between the HRD analysis and CLIM1 (at p* = 40%) , and between the analysis and CLIM2 at various scattered threshold probabilities (p* = 50%, 65%, 75% and 80%).
Performance statistics for the HRD analysis and 36 hr prognosis, and the HEPC climatology, based on day and night categories (180 and 193 total observations, respectively), are shown in Figures 1la-d . With the exception of the false alarm rate, statistical indices derived for the HRD analysis and prognosis from nighttime data are all better than analogous indices computed from "day only" events, for the HRD analysis, the nighttime prefigurance is considerably higher than that for daytime (0.72 to 0.60). For the day data set, all four performance statistics are virtually the same for the HRD analysis and 36 hr prognosis; for the night data set, the largest difference between the HRD analysis and prognosis is for the prefigurance (0.09). The Hanssen and Kuipers skill scores for the nighttime HRD analysis and 36 hr prognosis (0.34 and 0.29, respectively) are slightly better than analogous scores for the "day only" data set.
.. At all selected threshold probabilities, CLIMI prefigurance, postagreement and percent correct indices are determined to be better at nighttime than during the day, while the opposite is true for the false alarm rate index. These temporal trends in CLIM I statistical indices are analogous to what is observed for the HRD product. CLIM1 skill scores at all threshold probabilities are higher for the nighttime data set; in fact, the lowest skill score for the nighttime data set (V = 0.07 at p* -50%) is slightly higher than the best score for the "day only" data set (at p* = 30%) .
For night events, differences in skill scores between the CLIMI predictor and the HRD prognosis are not significant; differences between the HRD analysis and CLIM1 are only significant (at a 0.95 level of confidence) at high threshold probabilities (p* >_ 45%). A comparison of daytime CLIMI and HRD 36 hr prognosis skill scores indicates that differences are significant (at the 95% confidence level) at all threshold probabilities except p* = 30%. In spite of overall low CLIM1 daytime skill scores, differences between the HRD analysis and CLIM1 are only significant at two threshold probabilities (p* = 40% and 50%) for the daytime data set.
Up to this point, statistical results for duct occurrence have been presented using combined surface-based and elevated duct occurrences; results are next presented for only surface-based ducting. Of the total 248 "ducting" radiosonde observations, only 32 were surface-based and most (25) occurred offshore from central and southern California. Figure 12 presents surface ducting prefigurance and postagreement statistics for the HRD and CLIMI predictors. Although statistically firm conclusions can not be drawn from small sample sizes, the results depicted in Figure 12 do suggest the relative capabilities of each predictor for surface duct forecasting. The most striking aspect of Figure 12 is the large difference between HRD forecast reliability (PA) and hit rate (PF); although the HRD product was quite limited in its capability to correctly assess occurrences of surface ducting, on the relatively few occasions when ducts were forecast, such forecasts were very rJiable. Statistical values for CLIMI are observed to be highest at lower threshold probabilities (p* = 30% and 35%). Finally, although CLIM1 forecast reliability is observed to be much lower than that for the HRD product, prefigurance values for CLIMI are identical to those for the HRD analysis (viz., quite low) at p* = 30% and 35%.
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0.e. (1) and (2) for the HRD prognosis are quite comparable to those for the HRD analysis; on the other hand, the HRD analysis is noticeable better than the prognosis for the verification rate based on duct overlaps (3). During the winter season, all three verification rates for the HRD 36 hr prognosis are observed to be considerably lower than analogous rates for the HRD analysis. In general, CLIM2 duct height verification rates are noticeably better for the summer period than the winter. While verification rates at very high threshold probabilities (p* 2! 75%) indicate an opposite seasonal trend, results at these threshold probabilities are not statistically sound since they were determined from very small sample sizes. For the summer data set, CLIM2 height verification rates (over the entire range p* = 50% to 80%) are all comparable to those determined from the HRD 36 hr prognosis. Wintertime CLIM2 height verification rates are not 32
PA(P)
0
90
A (1) - Moreover, wintertime comparisons between the HRD prognosis and CLIM2 are also not consistent for all three verification rates; depending on the verification scheme chosen, the HRD prognosis may be a better (or worse) predictor of duct height than climatology.
Due to a large disparity in the number of EPAC and CPAC duct observations (165 and 83, respectively) and the likelihood that sound statistical comparisons cou'i not be drawn between such nonuniform sample sizes, duct height verification statistics were not determined for geographical subsets. Duct height verification results for temporal (day and night) categories are only available for the HRD product since the HEPC climatological information required for duct height determination is not available in separate day and night categories. Table 1 gives the verification statistics for the HRD analysis and 36 hr prognosis based on day and night data sets.
For all three verification rates, and for both temporal subsets, the HRD analysis is observed to be better than the prognosis. Additionally, all verification statistics indicate that the HRD product (both the analysis and the prognosis) is a better nighttime forecaster of duct height than during the day. As a case in point, the number of HRD 36 hr duct height forecasts which overlap the observed is only 18 of 70 for the "day only" data set, but 46 of 84 for the nighttime. The forecasting thumbrules developed by PMTC and utilized in the NWOC HRD product are largely based on statistical studies over the subtropical and lower middle latitudes of the eastern Pacific Ocean. Thus, it is reasonable to ask, how complete are these thumbrules, and can they be validly applied in other ocean areas besides the eastern North Pacific? In the previous section, the prefigurance and postagreement indices, and the Hanssen and Kuipers skill score, for the HRD 36 hr prognosis (full data set) were all found to be considerably less over the central Pacific than over the eastern Pacific. Additionally, the sudden drop in the prefigurance and percent correct indices for the months of February and March (see Fig. 7 ) was attributed to a considerable number of incorrect ducting forecasts in areas (North Pacific > 45°N, tropics < 20 0 N) not previously well sampled. Taken together, these results suggest that the NWOC HRD thumbrules may not be as accurate or as valid in regions outside their developmental base (viz., the subtropical and lower middle latitudes of the eastern Pacific). To realize maximum predictive value, the NWOC HRD thumbrules would have to be tailored (i.e., modified) for use in those areas of interest which are climatically distinct from the easter.
Pacific (for example, the tropics, the polar regions, the Persian Gulf/Arabian Sea) . For marginal seas and gulfs, specific inference thumbrules could be developed to relate well-known, localized mesoscale phenomena to refractive conditions. In their present form, the NWOC HRD forecasting thumbrules are likely to be fully valid for those worldwide regions climatically very similar to the eastern Pacific (viz., the subtropical and middle latitudes of the southeast Pacific, the northeast and southeast Atlantic, and the southeast Indian Ocean).
At the present time, work is underway at NRL Monterey to incorporate the various synoptic-satellite inference thumbrules for refractivity forecasting into an Al (artificial intelligence) expert system suitable for implementation on the TESS. The use of such an automated aid at NWOC would streamline the production of the operational HRD chart. In addition to probable time and manpower savings (the present manual production cycle requires several meteorological personnel and about a half hour), the use of automated inference rules would provide a more objective and consistent operational HRD product by removing biases of individual analysts and forecasters.
SUMMARY AND CONCLUSIONS
This technical note serves as an independent validation of the NWOC HRD product, in particular, of its capabilities in the assessment and short-range forecasting of lower tropospheric ducting. For verification, direct comparisons of refractive structure were made among HRD analyses and 36 hr prognoses, and available North Pacific shipboard upper air observations, over a 12 month period extending from April 1991 through March 1992. Vanous statistical indices (including the Hanssen and Kuipers skill score), derived from forecast/observed contingency tables, were used to assess the duct'no duct forecast capabilities of the HRD product. The accuracy of HRD duct height forecasts were evaluated using three separate verification schemes.
In order to assess the degree of HRD forecasting skid and utility, direct comparisons were made between the HRD product and an EM propagation conditions climatology. For these comparisons, two distinct climatologica! predictors (CLIMI and CLIM2) were utilized. CLIMI, defined as the percent occuLrrence of the dominant duct type (surface-based or elevated), was evaluated over a range of decision (threshold) probabilities from p* = 30% to 50% ; CLIM2, which corresponds to the percent occurrence of any ducting (surface-based and elevated combined), was evaluated at threshold probabilities of 50% to 80%.
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For the full April 1991 -March 1992 data set, individual performance statistics (i.e., prefigurance, postagreement, percent correct and false alarm rate) were quite similar for the HRD analysis and the 36 hr prognosis. The capability of the NWOC HRD product in correctly forecasting ducting and nonducting events over the North Pacific basin was about 2/3; HRD duct forecasts were reliable about 4 out of 5 times. The Hanssen and Kuipers skill score (the difference between the hit and false alarm rates) was near 0.30 for both the HRD analysis and 36 hr prognosis; this value is quite respectable, being considerably above the demarcation between "skill" and "no skill" (i.e., V = 0.0).
Except for the postagreement index, the full year performance statistics for the climatology predictors exhibited marked variability as a function of threshold probability; small (large) hit and false alarm rates were associated with high (low) values of p". Based on the Hanssen and Kuipers discriminant, the "optimum" forecast skill for the climatological assessment of ducting occurred at threshold probabilities of p* = 30% for CLIM1 and p* = 60% for CLIM2 (V -0.12 in both cases). Although both climatology predictors had better duct forecasting capabilities (i.e., higher PF indices) than the HRD product at lower threshold probabilities, and quite respectable duct forecast reliabilities (PA indices near 0.70), their false alarm rates were roughly twice as large. For the full 12 month data set, differences in skill scores between the HRD product (both the analysis and 36 hr prognosis) and the climatology predictors CLIM1 and CLIM2 were determined to be significant at a 95% level of confidence.
Results based on seasonal data sets indicate slightly better prefigurance and percent correct indices during summer (April -September), and slightly better postagreement and false alarm rate indices during winter (October -March), for all HRD and climatology predictors.
Skill scores for climatology were generally better in winter than in summer; a quite respectable value V = 0.25 was attained during winter for CLIM1 at the threshold probability p* = 30%.
In general, skill score differences between the HRD product and climatology were significant (at a 0.95 level of confidence) in summer, but not in winter.
Based on geographical divisions, results indicate that both HRD duct forecasting capability and reliability were considerable better in the eastern Pacific (EPAC) than in the central Pacific (CPAC). For the HRD 36 hr prognosis, the CPAC prefigurance index was only 0.51 and the Hanssen and Kuipers skill score only 0.20; analogous values for EPAC were PF = 0.68 and V -0.30. At all threshold probabilities, the reliability of climatological forecasts of ducting (given by PA values) was appreciably better for EPAC than for the CPAC region. In general, skill score differences between the HRD product and climatology were not significant for the EPAC region, and were not significant between the HRD 36 hr prognosis and climatology in the central Pacific.
Results based on temporal (day and night) classifications indicate that, with the exception of the false alarm rate, statistical indices (including the Hanssen and Kuipers discriminant) were better during the nighttime for both the HRD product and climatology. Interestingly, all daytime statistical indices were virtually the same for the HRD analysis and 36 hr prognosis. Skill score differences between the HRD 36 hr prognosis and climatology (CLIM1) were not significant for the night data set; on the other hand, differences between these two predictors were significant (at the 95% confidence level) for the "day only" data set except at the CLIMI threshold probability p* = 30%.
Full year results based on a relatively low number of surface duct observations suggest that the capability of the HRD product in correctly forecasting surface duct occurrences is limited; on the other hand, when issued, HRD forecasts of surface ducting appear to be very reliable. Surface ducting performance statistics for climatology (CLIM1) show prefigurance values comparable to those determined for the HRD analysis (viz., quite low) at lower threshold probabilities (p* = 30% and 35%); on the other hand, postagreement values are much lower than those for the HRD product.
Based on three separate verification schemes, the HRD analysis was found to be a better predictor of duct height than the HRD 36 hr prognosis. Climatological assessments of duct height compare quite favorably with those from the HRD 36 hr prognosis; for example, over the intermediate CLIM2 threshold probabilities (p* = 60% to 70%), two of the three duct height verification rates derived from climatology were slightly higher than those for the HRD prognosis. Seasonal verification rates indicate that 1), the HRD analysis was a ccnsiderably better predictor of duct height during the winter than the HRD 36 hr prognosis and 2), climatology was a considerably better duct height indicator in summer than in winter.
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Overall statistical results from this study indicate that the NWOC HRD product is a useful forecasting tool. Its capability in forecasting the occurrence of ducting is significantly better than that using climatology. Specifically, the factor which most distinguishes the HRD product from climatology is its ability to forecast a high percentage of ducting events without a large number of false alarms.
The forecasting thumbrules used by the NWOC HRD are largely based on inferences drawn between synoptic and cloud patterns, and refractive structure, over the subtropical and lower middle latitudes of the eastern North Pacific. Any potential use of the NWOC HRD product in regions climatically distinct from the eastern Pacific (e.g., the tropics, the polar regions, the Persian Gulf/Arabian Sea) would likely require some modification of existing forecast thumbrules in order to assure maximum predictive value of the product. The automation of the present HRD production cycle using an expert system based on synoptic-satellite inference thumbrules would likely result in a more efficient and objective refractivity product.
